The Journal of Neuroscience, March 9, 2016 - 36(10):2915-2925 - 2915

Cellular/Molecular

Intermolecular Interaction between Anchoring Subunits
Specify Subcellular Targeting and Function of RGS Proteins
in Retina ON-Bipolar Neurons
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In vertebrate retina, light responses generated by the rod photoreceptors are transmitted to the second-order neurons, the ON-bipolar
cells (ON-BC), and this communication is indispensible for vision in dim light. In ON-BCs, synaptic transmission is initiated by the
metabotropic glutamate receptor, mGluR®6, that signals via the G-protein Go to control opening of the effector ion channel, TRPM1. A key
role in this process belongs to the GTPase Activating Protein (GAP) complex that catalyzes Go inactivation upon light-induced suppres-
sion of glutamate release in rod photoreceptors, thereby driving ON-BC depolarization to changes in synaptic input. The GAP complex
has a striking molecular complexity. It contains two Regulator of G-protein Signaling (RGS) proteins RGS7 and RGS11 that directly act on
Go and two adaptor subunits: RGS Anchor Protein (R9AP) and the orphan receptor, GPR179. Here we examined the organizational
principles of the GAP complex in ON-BCs. Biochemical experiments revealed that RGS7 binds to a conserved site in GPR179 and that
RGS11 in vivo forms a complex only with R9AP. R9AP and GPR179 are further integrated via direct protein-protein interactions
involving their cytoplasmic domains. Elimination of GPR179 prevents postsynaptic accumulation of ROAP. Furthermore, concurrent
knock-out of both R9AP and RGS7 does not reconfigure the GAP complex and completely abolishes synaptic transmission, resulting in a
novel mouse model of night blindness. Based on these results, we propose a model of hierarchical assembly and function of the GAP
complex that supports ON-BCs visual signaling.
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The ability of photoreceptors to transmit signals to the downstream ON-bipolar neurons in the retina is indispensible for vision.
In this study, we delineate the molecular organization of the central regulatory complex, the GTPase Activating Protein (GAP)
complex, that drives postsynaptic responses in ON-bipolar cells. Here, we identify an unexpected complexity and interdependence
between multiple subunits of the GAP complex. We propose a model for its supramolecular assembly, where individual compo-
nents hierarchically control expression and intracellular targeting of the GAP complex. Broad interest results from the crucial role
of similarly organized GAP complexes throughout the nervous system, where they control a wide range of fundamental neuronal
processes, including learning and memory, reward, and movement coordination. j
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membrane potential. This results in light-induced suppression of
the release of the neurotransmitter glutamate from the photore-
ceptor axon terminals. The change in glutamate concentration is
detected by the postsynaptic neurons, the rod, and cone bipolar
cells (BCs) (Taylor and Smith, 2004; Pahlberg and Sampath,

Introduction
In vertebrates, vision begins when rod and cone photoreceptors
signal the detection of photons by a hyperpolarization of their
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2011). Rod photoreceptors, which are exquisitely sensitive to low
light, connect predominantly to a single type of BC, the rod
ON-BC (ON-BC) (Hoon et al., 2014). Disruption of synaptic
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communication between rods and ON-BC results in forms of
congenital stationary night blindness in humans and a loss in
behavioral sensitivity of mice to low levels of light stimulation
(Pardue and Peachey, 2014; Zeitz et al., 2015).

The ON-BCs use a metabotropic G-protein signaling cascade
for the synaptic communication with photoreceptors. At the
dendritic tips of the ON-BCs, glutamate released by the photore-
ceptors is sensed by the G-protein-coupled receptor, mGluR®,
which activates the heterotrimeric G-protein, Go. In its activated
state, Go keeps the effector ion channel TRPM1 closed. Upon
light stimulation, synaptic glutamate declines, reducing the activ-
ity of mGluR6 and leading to the opening of TRPM1 channels
that depolarize the ON-BCs (Snellman et al., 2008; Morgans et
al., 2010). The opening of TRPM1 channels requires Go deacti-
vation, and blockade of this step abolishes ON-BC light responses
(Dhingra et al., 2000; Sampath and Rieke, 2004). Go deactivates
when bound GTP hydrolyzes. Although this occurs spontane-
ously, the rate is too slow (7 ~ 30 s) to account for the fast speed
of the ON-BC light response (7 ~ 60 ms). To achieve physiolog-
ically relevant speed, deactivation of Go is catalyzed by members
of the Regulators of G-protein Signaling (RGS) family that accel-
erate the rate of the GTP hydrolysis on the Ga subunits (Hol-
linger and Hepler, 2002). Recent studies revealed that two RGS
proteins RGS7 and RGS11 are crucial for Go deactivation in
ON-BCs and generation of their depolarizing response to light.
Concurrent knock-out of both RGS7 and RGSI11 completely
abolishes ON-BC sensitivity to light flashes (Cao et al., 2012;
Shim et al., 2012). A similar phenotype is observed also in mice
lacking G35, an obligatory subunit of these RGS proteins (Rao et
al., 2007). Furthermore, levels of RGS proteins determine key
parameters of ON-BC light responses: kinetics, amplitude, and
light sensitivity. Thus, it is important to understand how expres-
sion, localization, and activity of RGS7 and RGS11 are regulated
(Sarria et al., 2015). A clue to this may come from analyzing the
interaction of RGS proteins with their membrane anchoring
subunits: RGS9 Anchor Protein (R9AP) and orphan receptor
GPR179. For example, R9AP forms complexes only with RGS11,
and its knock-out in mice dramatically destabilizes RGS11 (Cao
et al., 2009; Jeffrey et al., 2010). Further, an orphan receptor,
GPR179, binds to both RGS7 and RGS11 (Orlandi et al., 2012),
and its knock-out in mice prevents postsynaptic targeting of both
RGS proteins and abolishes ON-BC light responses (Peachey et
al., 2012). Thus, there is a complexity of molecular interactions
involving RGS proteins that regulate their membrane anchoring
and proteolytic stability at the dendrites of ON-BCs. In this study,
we examine the relationship between R9AP and GPR179 and
provide a model for the integration of RGS proteins into the
signaling complex that enables ON-BC to respond to light.

Materials and Methods

Mice, antibodies, and genetic constructs. The generation of R9AP KO
(Keresztes et al., 2004), RGS7 KO (Cao et al., 2012), RGS7/11 double
knock-out (DKO) (Cao et al., 2012), and GPR179"" (Peachey et al.,
2012) mice have been described. RGS7/R9AP DKO mice were generated
by crossing ROAP KO with RGS7 heterozygous mice. Mice of either sex,
2—4 months old, were used in this study. Mice were housed in groups on
a 12 h light-dark cycle with food and water available ad libitum. All
studies were performed in accordance with the National Institute of
Health guidelines and were granted formal approval by the Institutional
Animal Care and Use Committee of the Scripps Research Institute.
Generation of the following antibodies have been described previ-
ously: sheep anti-GPR179 (Orlandi et al., 2013), rabbit anti-ROAP
(Keresztes et al., 2003), and sheep anti-RGS11 (Cao et al., 2008), sheep
anti-TRPM1 (Cao et al., 2011). Rabbit anti-RGS7 (7RC1) and anti-GB5
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(ATDG) were generous gifts from William Simonds (National Institute
of Diabetes and Digestive and Kidney Diseases/ National Institutes of
Health). Guinea pig anti-mGluR6 antibody was a gift from Dr. Takahisa
Furukawa (Osaka University). Mouse anti-PKCea (ab11723; Abcam),
mouse anti-CtBP2 (612044; BD Biosciences), mouse anti-HA (Milli-
pore), mouse anti-myc (Roche Life Science), and rabbit anti-myc (Gen-
script) are commercially available.

Full-length human myc-tagged-GPR179 was purchased from Ori-
Gene. Plasmids encoding human GPR179 with an internal deletion of
amino acids 629-974 (GPR179A-CT1-myc), a C terminus deletion of
amino acids 974-2367 (GPR179-ACT2-myc), and a plasmid encoding
the amino acids 629-974 (GPR179-CT1-myc) were generated by PCR,
using the plasmid encoding the full-length GPR179 as template. Cloning
of full-length mouse R9AP, ROAP-ATM, G5, RGS11, and RGS7-HA
were previously described (Martemyanov et al., 2005; Baker et al., 20065
Song et al., 2006; Anderson et al., 2007; Orlandi et al., 2015).

Western blotting. Whole retinas were removed from mice and lysed by
sonication in ice-cold PBS supplemented with 150 mm NaCl, 1% Triton
X-100, and Complete protease inhibitor tablets (Roche). Lysates were
cleared by centrifugation at 14,000 X g for 15 min at 4°C. Total protein
concentration in the supernatant was measured by using BCA Protein Assay
Kit (Pierce). Supernatants were added with SDS sample buffer, pH 6.8, con-
taining 8 M urea and were subjected to 4%-20% gradient SDS-PAGE. Pro-
tein bands were transferred onto PVDF membranes, subjected to Western
blot analysis by using HRP-conjugated secondary antibodies, and detected
by using enhanced chemiluminescence ECL West Pico system (Pierce). Sig-
nals were captured on film and scanned by densitometer.

Cell culture, transfection, and immunoprecipitation. HEK293T/17 cells
were cultured at 37°C and 5% CO, in DMEM supplemented with 10%
FBS, MEM nonessential amino acids, 1 mm sodium pyruvate, and anti-
biotics (100 U/ml penicillin and 100 ug/ml streptomycin). Cells were
transfected using Lipofectamine LTX (Invitrogen) and Plus reagent (In-
vitrogen) and used 24 h later. For immunoprecipitation, cells were har-
vested and lysed in ice-cold immunoprecipitation buffer (300 mm NacCl,
50 mum Tris-HCL, pH 7.4, 1% Triton X-100 and complete protease inhib-
itor mixture) by sonication. Lysates were cleared by centrifugation at
14,000 X g for 15 min, and the supernatants were incubated with 20 ul
Dynabeads (Invitrogen) and 2 ug antibodies on a rocker at 4°C for 1 h.
After three washes with immunoprecipitation buffer, proteins were
eluted with 40 ul of 2X SDS sample buffer and analyzed by SDS-PAGE.
The same protocol was followed for immunoprecipitation from retina
samples. Two retinas from either wild-type (WT) or ROAP KO mice were
sonicated in ice-cold immunoprecipitation buffer, centrifuged at
14,000 X gfor 15 min, the supernatant incubated at 4°C for 1 h with 20 ul
Dynabeads and 2 ug antibodies and then eluted with 40 ul of 2X SDS
sample buffer.

Electroretinography. Electroretinograms were recorded by using the
UTAS system and a BigShot Ganzfeld (LKC Technologies). Mice (4—8
weeks old) were dark-adapted (=6 h) and prepared for recordings by using
dim red light or light adapted (50 cd + s/m?, 5 min). Mice were anesthetized
with an intraperitoneal injection of ketamine and xylazine mixture contain-
ing 100 and 10 mg/kg, respectively. Recordings were obtained from the right
eye only, and the pupil was dilated with 2.5% phenylephrine hydrochloride
(Bausch & Lomb), followed by the application of 0.5% methylcellulose. Re-
cordings were performed with a gold loop electrode (LKC Technologies)
embedded within transparent contact lenses to keep the eyes immersed in
solution. The reference electrode was a stainless steel needle electrode placed
subcutaneously in the neck area. The mouse body temperature was main-
tained at 37°C by using a heating pad controlled by ATC 1000 temperature
controller (World Precision Instruments). Electroretinogram (ERG) signals
were sampled at 1 kHz and recorded with 0.3 Hz low-frequency and 300 Hz
high-frequency cutoffs.

Full field white flashes were produced by a set of LEDs (duration <5
ms) for flash strengths <2.5 cd - s/m? or by a Xenon light source for
flashes >2.5 cd * s/m? (flash duration <5 ms). ERG responses were
elicited by a series of flashes ranging from 2.5 X 10 "*t0 2.5 X 10" cd -
s/m?. Three trials were averaged for responses evoked by 0.001 cd - s/m>
flashes, and single flash responses were recorded for 100 cd - s/m? flashes.
To allow for recovery, interval times between single flashes were as fol-
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R9AP and GPR179 are colocalized in the majority of ON-BC synapses. A, Inmunohistochemical analysis of ROAP and GPR179 colocalization with each other and with mGIuR6 in the ON

BC dendrites in OPL of mouse retinas. Triple staining with indicated antibodies was performed, and each channel is individually pseudo-colored. Arrows indicate the position of the cone synapses.
Scale bar, 10 um. B, Quantitative analysis of protein distribution across ON-BC synapses with rod and cone photoreceptors.

lows. For WT and RGS7 KO mice: 5s for 2.5 X 10 "*t02.5 X 10 " cd -
s/m? flashes, 30 s for 2.5 X 10° cd * s/m ? flashes, and 180 s for 2.5 X 10"
cd + s/m? flashes. For R9AP KO mice, interval times between single
flashes were 180 s to allow for full recovery. If response rundown oc-
curred between flashes of the same intensity, these trials were discarded.

Immunohistochemistry. Dissected eyecups were fixed for 15 min in 4%
PFA, cryoprotected with 30% sucrose in PBS for 2 h at room tempera-
ture, and embedded in optimal cutting temperature medium; 12-um-
thick frozen sections were cut, mounted onto slides, and blocked in PBS
with 0.1% Triton X-100 and 10% donkey serum for 1 h. They then were
incubated with primary antibody in PBS with 0.1% Triton X-100 and 2%
donkey serum for at least 1 h. After four washes with PBS with 0.1%
Triton, sections were incubated with fluorophore-conjugated secondary
antibodies in PT2 for 1 h. After four washes, sections were mounted in
Fluoromount (Sigma). Images were taken with a Leica SP800 confocal
microscope. Quantitative analysis of GPR179 and R9AP immunofluo-
rescence from confocal images was performed using Leica software. Sec-
tions were double stained with a combination of antibodies to GPR179,
RYAP, and mGluR6. mGluR6 staining was used as a mask to define
synaptic puncta, encircling the area. The fluorescence intensity within
this mGluR6-positive area was then determined and defined as synaptic.
Fluorescence intensity was also determined for the entire outer plexiform
layer (OPL) region (defined as a DAPI negative area between outer nu-
clear layer and inner nuclear layer) that contained synaptic puncta to be
analyzed. For the quantitative analysis of synaptic enrichment, mean
fluorescence intensity across regions of interest was divided by the area
they occupy for both synaptic puncta (Ig) and the outlying OPL (I5p;).
To determine relative synaptic enrichment (%), the fraction above the
equally distributed value was calculated by the following transformation:
(Ig/Igpr) X 100 — 100 and reported on the graphs for each genotype.
Alternatively, synaptic enrichment was analyzed by a line-scan analysis.
A line of 1-1.5 wm (white bar) was drawn through the center of the
distinct mGluR6-positive synapses, and the distribution of the fluores-
cence intensity along this line was scanned to generate the traces. For
both methods of imaging, mean fluorescent intensity (measured in pix-
els) was averaged from ~10 to 20 individual and randomly selected

mGluRé6-positive puncta per imaged section, with two or three sections
per retina, and using two or three retinas per genotype. Imaging param-
eters were the same for all sections and retinas.

Results

RIAP and GPR179 are colocalized in all dendritic tips

of ON-BCs

Previous studies have reported that both ROAP and GPR179 are
selectively targeted to the tips of the ON-BC dendrites, where
they colocalize with components of the mGluR6 cascade, includ-
ing mGluR6 (Cao et al., 2009; Jeffrey et al., 2010; Peachey et al.,
2012; Orlandi et al., 2013). To examine whether R9AP and
GPR179 are present at the same dendritic tips and to determine
the extent of possible colocalization, we performed immunobhis-
tochemical studies analyzing quantitatively the presence of each
membrane anchor in rod and cone ON-BCs (Fig. 1A). We first
referenced each to mGluR6 puncta and then to each other. Quan-
tification revealed that 92 = 3% of mGluR6-positive rod and
90 = 8% cone synapses contained GPR179. Similarly, 95 * 2% of
rod and 92 * 8% cone synapses with GPR179 also contained
mGluR6 (Fig. 1B). The localization of ROAP similarly coincided
with mGluR6 wherein 94 = 2% of mGluR6 in rod and 93 = 5%
in cone synapses were positive for ROAP, whereas 95 * 2% ROAP-
containing rod and 92 = 6% cone synapses had mGluR6. R9AP
and GPR179 colocalization was nearly complete (>90%) at both
rod and cone ON-BC synapses (Fig. 1B). The results show that
both membrane anchors are present at the same synapses where
they can bind to RGS proteins.

GPR179 is required for postsynaptic accuamulation of R9AP in
ON-BC dendrites

To begin analyzing the relationship between different membrane
anchors of RGS proteins, we first determined the impact of dis-
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Figure 2.  GPR179 is necessary for the correct localization of R9AP in retinal ON-BC synapses and the expression of RGS11 in the OPL. A, Immunohistochemical analysis of ON-BC synaptic
components in the OPL of WT and Gpr179"%* mouse retinas. Retina sections were immunostained with the indicated antibodies. Synaptic architecture in Gpr179"°% retinas is intact as evidenced
by normal apposition of presynaptic and postsynaptic markers (CtBP2, mGIuR6, and TRPM1, respectively). Note the lack of accumulation of R9AP and complete ahsence of RGS11in Gpr179"°%* ON-BC
dendritic tips. Scale bar, 5 um. B, Double immunolabeling of WT, Gpr779”"b5, and RGS7/RGS11 DKO retinas with mGluR6 and R9AP antibodies. Scale bar, 5 pm. Quantification of the accumulation
of ROAP within mGluR6-positive puncta of ON-BC dendrites in OPL (described in Materials and Methods). C, Corresponding values. Error bars indicate SEM. *p << 0.05 (one-way ANOVA with
Bonferroni’s post hoc test). **p << 0.01 (one-way ANOVA with Bonferroni’s post hoc test). ***p << 0.001 (one-way ANOVA with Bonferroni’s post hoc test). n = 25-30 puncta for each group. D, Top,
High-magnification images of retina sections with scan-line analyses of R9AP fluorescence intensity across the midline of mGluR6-positive synaptic puncta in OPL. Bottom, Averaged traces of ROAP
fluorescent intensity across the midline of mGluR6-positive synaptic puncta reveal a complete lack of after synaptic R9AP accumulation in Gpr179 " retinas, but only a partial loss in RGS7/11 DKO.

n = 25-30for all groups. Scale bar, 0.125 pm.

rupting expression of GPR179 or RGS on R9AP. We confirmed
previous reports (Orlandi et al., 2012; Peachey et al., 2012; Ray et
al., 2014) that Gpr179"°" retinas that lack GPR179 had normal
synaptic accumulation of mGluR6 and TRPM1 but not the RGS
proteins (Fig. 2A). Synaptic architecture in Gpri79™" also
appeared to be intact as evidenced by normal apposition of pre-
synaptic and postsynaptic markers (CtBP2 and mGIluR®6, respec-
tively). Consistent with these earlier findings, we also found a
small but statistically significant reduction of TRPM1 immuno-
fluorescence in the OPL of Gpr179"* retinas (84 + 5% of levels
present in WT controls, p < 0.05, n = 7 retinas). There was no
significant change in the average levels of mGluR6 fluorescence
intensity (92 £ 9%, p > 0.05, n = 9 retinas).

Strikingly, ROAP accumulation at the ON-BC dendritic tips
was abolished in Gpr179"“b5 retinas (Fig. 2A). To confirm this
observation, we performed double immunolabeling and quanti-
tative analysis of ROAP distribution (Fig. 2B). In WT retina, ROAP
is present on the ON-BC dendrites in the OPL where it is specif-
ically clustered within mGluR6-positive puncta. Quantification
of R9AP content within these synaptic puncta compared with
dendrites outside of puncta reveals a 58 * 5% higher concentra-
tion at the synapses (Fig. 2C). In the absence of GPR179 expres-
sion, the enrichment of ROAP at the dendritic tips was eliminated
and RIAP fluorescence was equally distributed between the
ON-BC dendrites and synapses in the OPL (—5 * 4% puncta
enrichment; Fig. 2B, C). Because GPR179 plays an essential role
in localization of RGS proteins and RGS proteins also bind to
R9AP, we next analyzed the impact of RGS7 and RGS11 on local-

ization of R9AP (Fig. 2B,C). Knock-out of both RGS7 and
RGS11 (RGS7/11 DKO) diminished accumulation of R9AP in
mGluR6-positive puncta only partially, to ~21 * 6% enrich-
ment level. Similar observations were made when R9AP accumu-
lation at the dendritic tips was quantified separately for synapses
with cone photoreceptors, where ROAP showed 75 = 5% synaptic
enrichment in WT controls but only 29 * 6% in RGS7/11 DKO
mice and 2 + 1% in Gpr179™" (one-way ANOVA with Bonfer-
roni’s post hoc test; p < 0.05 for all genotypes; n = 25-30 puncta
in each).

The lack of R9AP postsynaptic accumulation in Gpr179"°"
ON-BC dendrites also was evident when we scanned the distri-
bution of its fluorescence intensity across mGluR6-positive
puncta (Fig. 2D). In WT retinas, the intensity of ROAP staining
inside mGluR6 puncta increased ~4-fold. The localization of
R9AP was only partially affected by the deletion of RGS7 and
RGS11, reducing synaptic accumulation of R9AP ~2-fold (Fig.
2D). In contrast, R9AP is completely absent from mGluR6-
puncta in Gpr179"" retinas (Fig. 2D). Overall, these results es-
tablish that GPR179 plays an essential role in ROAP expression
and postsynaptic targeting in the ON-BC.

Targeting of GPR179 to ON-BC dendritic tips is independent
of ROAP or RGS proteins

We next examined the reciprocal influence of RGS and R9AP on
GPR179 expression and localization (Fig. 3). We found GPR179-
positive puncta to be present in the OPL of retinas from WT,
R9AP KO, and RGS7/11 DKO retina (Fig. 3A). Elimination of
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Figure 3.  RGS and R9AP proteins are not required for the expression or correct localization of GPR179 in the retinal OPL. A, Immunohistochemical analysis of ON-BC synaptic
components in the OPL of WT, R9AP, and RGS7/RGS11 DKO mouse retinas. Retinal sections were stained with the indicated antibodies. Scale bar, 5 wm. B, Double immunolabeling with
mGluR6 and GPR179 antibodies. Scale bar, 5 wm. Quantification of the accumulation of GPR179 within mGluR6-positive synaptic puncta relative to the OPL (described in Materials and
Methods). €, Corresponding values. Error bars indicate SEM; n = 30 —35 puncta for each group. One-way ANOVA shows no significant differences. D, Top, High-magpnification images of
retinal sections with line-scan analyses of GPR179 fluorescence intensity across the midline of mGluR6-positive synaptic puncta in OPL. Bottom, Averaged traces of GPR179 fluorescent
intensity across the midline of mGluR6-positive synaptic puncta reveal no changes to postsynaptic GPR179 accumulation in either ROAP KO or RGS7/RGS11 DKO retinas; n = 25-30 for
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GPR179 and R9AP physically interact in vivo and in transfected cells. A, Imnmunoprecipitation of R9AP from retinas following detection of coeluting proteins by Western blotting. R9AP

KO retinas were used as a negative control in a parallel experiment. GPR179 and RGS11 coimmunoprecipitate with R9AP from WT, but not from the R9AP KO retinas. B, Analysis of R9AP and GPR179
coimmunoprecipitation in transfected HEK293 cells. Top, Antibodies against ROAP are able to specifically coimmunoprecipitate GPR179. Bottom, Antibodies against GPR179 are able to coimmu-

noprecipitate ROAP.

either ROAP or RGS proteins did not alter the colocalization of
GPR179 with mGluR6 (Fig. 3B). Quantification of GPR179 con-
centration within mGluR6-positive puncta revealed no differ-
ence between the genotypes with ~170% synaptic enrichment
(Fig. 3C). Similarly, when cone synapses were analyzed sepa-
rately, we found no differences in GPR179 synaptic accumulation
between genotypes (WT: 189 = 6%, ROAP KO = 184 * 6% and
RGS7/11 DKO 178 * 5%; one-way ANOVA, p > 0.05,n = 30-35
puncta for each genotype). These observations were further sup-
ported by examining the distribution of GPR179 across individ-
ual mGluR6 puncta (Fig. 3D). We found an ~4-fold increase in
the levels of GPR179 inside the postsynaptic cluster, relative to its
dendritic content in the OPL and coinciding with the distribution
profile of mGluR6. These data indicate that neither ROAP nor
RGS7/RGS11 proteins play a role in determining clustering of
GPR179 at the dendritic tips of ON-BCs.

GPR179 and R9AP form a macromolecular complex

The dependence of ROAP targeting on the GPR179/RGS com-
plex suggests that the proteins may physically bind to each
other in vivo. To examine this possibility, we immunoprecipi-
tated R9AP from retina and tested whether RGS11 and
GPR179 coimmunoprecipitated (Fig. 4A). We found that both
RGS11 and GPR179 were present in the eluates together with
RIAP, suggesting that they form a complex. When retinas
from R9AP knock-out mice were used, neither RGS11 nor
GPR179 was pulled down, indicating that the interaction is
specific. Furthermore, an unrelated component of the synap-
tic ribbon, CtBP2, also was not present in the immunoprecipi-
tation eluates confirming the specificity of binding (Fig. 4A).
We next analyzed the same binding upon reconstitution in
transfected HEK293 cells. We found that both R9AP and
GPR179 coimmunoprecipitated when pulled down by either
R9AP or GPR179 antibodies (Fig. 4B).

To further characterize their interaction, we mapped sites in
both GPR179 and R9AP required for complex formation.
GPR179 contains a heptahelical transmembrane region found in
all GPCRys, flanked by extracellular N-terminal and intracellular
C-terminal domains (Fig. 5A). R9AP is anchored to the mem-

brane through a single pass C-terminal helix localizing all of its
amino acid sequence to the cytoplasm (Fig. 5A). Given this spatial
organization, the extracellular N terminus of the GPR179 can
be excluded from the consideration as possible binding epitope
to R9AP. Thus, we focused our analysis on the intracellular
C-terminal portion of the molecule, which contains almost 75%
of GPR179 sequence. The C terminus of GPR179 shows consid-
erable sequence conservation with the corresponding region of
its close homolog GPR158. GPR158 has two functionally and
structurally distinct regions (Orlandi et al., 2015). The CT1 por-
tion, which corresponds to the CD1/2/3 domains in GPR158
containing R9AP/R7BP homology, and the distal CT2 region,
which corresponds to the CD4 domain in GPR158 containing
G-protein-binding repeats (Orlandi et al., 2015). To examine the
role of these regions in binding R9AP and RGS proteins, we
generated myc-tagged deletion mutants of either the CT1
(GPR179-ACT1-myc) or CT2 (GPR179-ACT2-myc) region.
These constructs were then tested for their binding to RGS7,
RGS11, and R9AP using coimmunoprecipitation assays follow-
ing coexpression in HEK293 cells (Fig. 5B-D). We found that
deletion of the CT2 region of GPR179 did not affect its ability to
pull down R9AP, RGS7, or RGS11. In contrast, the deletion of the
CT1 region of GPR179 resulted in its failure to coimmunopre-
cipitate any of the three proteins (Fig. 5B—D). Interestingly, the
CT1 region alone was able to immunoprecipitate RGS7 and
RGS11, but not R9AP (Fig. 5B-D). These findings indicate that
CT1 is both necessary and sufficient for binding to RGS proteins
and that CT1 serves as a critical determinant that mediates
GPR179 interaction with ROAP, although additional elements in
GPR179 also are required for this interaction to occur.

Because both GPR179 and R9AP are transmembrane pro-
teins, we next tested the contribution of membrane association to
their interaction. The R9AP mutant lacking the transmembrane
segment (ROAP-ATM) coimmunoprecipitated with full-length
GPR179 in transfected HEK293 cells (Fig. 5E). Furthermore, this
R9AP-ATM mutant interaction with GPR179 was unaffected by
the removal of the CT2 domain of GPR179 (Fig. 5F). Together,
these results suggest GPR179 and R9AP directly interact with
each other via their cytoplasmic domains.
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Mapping of the binding determinants involved in the interactions between GPR179, R9AP, and RGS proteins. HEK293 cells were cotransfected with the indicated constructs, and

coimmunoprecipitation assays were conducted. 4, Schematic representation of GPR179 and R9AP organization with the annotation of the protein fragments deleted in the various constructs used
in the binding experiments. B, Deletional mutagenesis of ROAP binding determinants in GPR179. An antibody against the myc-tagged deletion mutants of GPR179 was used for immunoprecipi-
tation. R9AP was detected only after coimmunoprecipitation with GPR179-ACT2. C, D, Deletional mutagenesis of RGS11 and RGS7 binding determinants in GPR179, respectively. An antibody
against the myc-tagged deletion mutants of GPR179 was used forimmunoprecipitation. RGS11 (C) and RGS7 (D) were coimmunoprecipitated with GPR179-ACT2 and GPR179-ACT1 constructs. E,
Deletional mutagenesis of GPR179 binding determinants in ROAP. An antibody against ROAP was used in the experiment. Deletion of the transmembrane region of R9AP does not affect its interaction
with GPR179. F, Coimmunoprecipitation of ROAP and GPR179 deletional mutants containing minimal binding determinants. Asterisk indicates the position of nonspecific band detected in the

immunoprecipitation eluates, which likely corresponds to lgGs used for affinity precipitation.

Elimination of RGS7 does not rescue RGS11 destabilization in
RYAP knock-out

Previous studies indicate that ROAP interacts only with RGS11
(Martemyanov et al., 2005), whereas GPR179 binds both RGS7
and RGSI11 (Orlandi et al,, 2012). The RGS binding site in
GPR179 (contained within CT1 region; see Fig. 5) shows se-
quence homology to the corresponding binding sites in other
RGS anchors: ROAP, GPR158, and R7BP (Orlandietal., 2015). As
aresult, membrane anchors compete for RGS binding (Anderson

etal.,2007; Orlandi et al., 2012); and even though both RGS7 and
RGS11 colocalize with GPR179, only one of them would be ex-
pected to bind directly to GPR179 via its RGS binding domain.
These considerations suggest that RGS11 may be found in two
distinct complexes: anchored either to GPR179 or to R9AP. To
examine whether this occurs in vivo, we generated an RGS7/
R9AP DKO mouse line and compared expression and localiza-
tion of ON-BC signal transduction components to single R9AP
or RGS7 KOs (Fig. 6 B, C). Western blot analyses of retina tissues
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RY9AP KO RGS7 KO

RGS7/R9AP DKO

Elimination of RGS7 does not rescue loss of RGS11 expression and synaptic localization in ROAP knock-out retinas. 4, Diagram model representing possible arrangement of RGS proteins

and their membrane anchors GPR179 and R9AP at the dendritic tips of the ON-BC neurons. RGS7 is capable of binding only to GPR179, whereas RGS11 can bind to both GPR179 and R9AP. B, Western
blot analysis of protein expression in retinas of RGS7/R9AP DKO mice in comparison with retinas lacking ROAP or RGS7 alone. There is no detectable RGS11 expression in either ROAP KO or ROAP/RGS7
DKO retinas. €, Analysis of synaptic targeting of proteins of interest in retinas lacking RGS7 and ROAP by immunohistochemistry. ON-BCs of ROAP/RGS7 DKO mice have normal cytoarchitecture and
correct targeting of cascade components. There was no detectable accumulation of RGS11 at the synapses of ON-BCs in the ROAP/RGS7 DKO mice. Scale bar, 10 um.

indicate that elimination of R9AP and RGS7 alone or together
does not alter expression of two key components of the ON-BC
cascade: mGluR6 and TRPM1 (Fig. 6B). However, the expression
of GPR179 in R9AP/RGS7 DKO was reduced to 80 * 6% of WT,
consistent with earlier observations in RGS7/11 DKO mice (Or-
landi et al., 2013). In contrast, we found no detectable RGS11
expression in either ROAP KO or ROAP/RGS7 DKO retinas.

Immunohistochemical analyses of retinal cross-sections re-
vealed normal targeting of mGluR6, TRPM1, and GPR179 to the
dendritic tips of ON-BC of RGS7/R9AP DKO mice (Fig. 6C).
Immunohistochemical data further confirmed the absence of
RGS11 in ON-BC dendrites of both R9AP KO and RGS7/R9AP
DKO retinas. Together, these observations indicate that elimina-
tion of RGS7 fails to rescue deficits in expression and localization
of RGS11 in ON-BCs brought about by loss of ROAP. This indi-
cates that, even though GPR179 contains a RGS7 binding site, in
vivo this site is unable to bind RGS11, even in the absence of
RGS7.

Concurrent knock-out of ROAP and RGS7 abolishes light
responses of ON-BCs

Elimination of either ROAP, RGS7, or RGS11 alone causes only
minor kinetic alterations in depolarizing activity of ON-BCs as
measured by the ERG (Mojumder et al., 2009; Jeffrey et al., 2010;
Zhang et al., 2010). In contrast, the DKO of both RGS7 and
RGS11 eliminates the depolarizing response of ON-BCs to light

(Cao et al., 2012; Shim et al., 2012). To test whether the lack of
compensation from GPR179 in R9AP/RGS7 DKO at the cellular
and biochemical level translates into functional changes, we mea-
sured responses of ON-BC to light flashes by ERG. In contrast to
relatively normal ERG b-wave responses in single ROAP or RGS7
knock-outs, the b-wave component of the ERG was eliminated at
all flash intensities tested in ROAP/RGS7 DKO mice (Fig. 7A, B).
Direct comparison revealed that these responses were nearly
identical to the ones seen in TRPM 1 KO mice (Fig. 7C) consistent
with complete elimination of the depolarizing activity of ON-BCs
under both photopic and scotopic conditions. The a-wave com-
ponent of the ERG in all the mutant lines tested was unchanged
compared with WT controls, indicating that photoreceptor func-
tion is intact in these models. Thus, these data indicate that con-
current elimination of R9AP and RGS7 prevents ON-BC signal
transduction resulting in a novel no b-wave (nob) mouse model
of night blindness.

Discussion

In this study, we determine the molecular organization of the
GTPase Activating Protein (GAP) complex at the dendritic tips of
retinal ON-BCs. Previous studies identified several components
of this complex: RGS7, RGS11 (Morgans et al., 2007; Cao et al.,
2012; Shim et al.,, 2012), and their binding proteins G5 (Rao et
al.,, 2007), R9AP (Cao et al., 2009; Jeffrey et al., 2010), and
GPR179 (Orlandi et al., 2012; Ray et al., 2014). In this complex,
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Concurrent knock-out of R9AP and RGS7 causes no b-wave (nob) ERG phenotype. 4, Representative ERG traces from dark-adapted WT, RGS7 KO, R9AP KO, and RGS7/R9AP DKO mice

retinas elicited with scotopic flashes. B, Representative ERG traces from dark-adapted WT, RGS7 KO, R9AP KO, and RGS7/R9AP DKO mice retinas elicited with photopic flashes. RGS7/R9AP DKO mice
have a nob ERG phenotype in both scotopic and photopic ranges and a normal a-wave. C, Comparison of ERG light responses of RGS7/R9AP DKO mice with those recorded in TRPM1 KO mice under
scotopic (left) and photopic (right) conditions. Overlay of the representative traces reveals no apparent differences.

R9AP GPR179

Figure 8.  Proposed model of the GAP complex configuration in ON-bipolar neurons. Cyto-
solic domains of GPR179 that comprise intracellular loops and coiled-coil containing RGS bind-
ing motif directly interact with SNARE-like intracellular domain of R9AP. R9AP binds exclusively
to RGS11/G35, and GPR179 binds exclusively to RGS7/G35. Both protein complexes facilitate
GTP hydrolysis on Gexo promoting its deactivation.

the main role in catalyzing GTP hydrolysis on Gao belongs to
RGS proteins that directly bind to Gao and stabilize it in a tran-
sition state, thereby accelerating the reaction (Snow et al., 1998;
Levay et al., 1999; Hooks et al., 2003). Both RGS7 and RGS11

belong to the same R7 class of RGS proteins and show substrate
selectivity for the members of the Gai/o family of G-proteins
(Anderson et al., 2009). Interestingly, RGS7 and RGS11 have
considerable redundancy in the retina because elimination of
either does not eliminate mGluR6-mediated signaling in ON-
BCs (Mojumder et al., 2009; Chen et al., 2010; Zhang et al., 2010;
Sarria et al., 2015). The significance of this arrangement is not
well understood. It has been proposed that excess of RGS proteins
ensures that the mGluR6-mediated opening of TRPM1 channels
is not rate-limited by Gao GTP hydrolysis, and this contributes
to the reliability of the information transfer at the photoreceptor
to ON-BC synapse (Sarria et al., 2015).

In addition to RGS proteins, the GAP complex in ON-BCs
includes a number of auxiliary subunits. Both RGS7 and RGS11
form obligatory complexes with G5, which is essential for their
folding (Cabrera et al., 1998; Snow et al., 1998; Chen et al., 2003;
Howlett et al., 2009). The RGS/G5 dimers are in turn associated
with four membrane-anchored proteins: R7BP, ROAP, GPR158,
and GPR179. A palmitoylated protein R7BP (Song et al., 2007)
and the seven-pass transmembrane orphan receptor GPR179
(Orlandi et al., 2012; Gregg et al., 2014) both bind to RGS7 and
RGS11 (Martemyanov et al., 2005; Orlandi et al., 2012). In addi-
tion, the transmembrane protein ROAP (Hu and Wensel, 2002;
Cao et al., 2009; Masuho et al., 2010) binds to RGS11 but not
RGS7 (Martemyanov etal., 2005; Anderson et al., 2007). We have
previously shown that R7BP has no influence on the function of
the GAP complex and thus is unlikely to be an essential compo-
nent of ON-BC signaling cascade (Cao et al., 2008). In contrast,
RYAP is essential for expression of RGS11 (Cao et al., 2009),
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whereas GPR179 is crucial for localization of both RGS11 and
RGS?7 to the tips of ON-BC dendrites (Orlandi et al., 2012). We
have recently reported that all of these membrane anchors share
homologous RGS binding sequences featuring coiled-coil seg-
ments (Orlandi et al., 2015). Biochemical studies in reconstituted
systems show that membrane anchors (R7BP, R9AP, GPR158)
compete for binding to RGS proteins that are competent to in-
teract with more than one anchor (Anderson et al., 2007; Orlandi
et al., 2012). Thus, RGS protein complexes in ON-BC can theo-
retically adopt different configurations and exist in multiple dis-
tinct complexes (e.g., RGS7/GB5/GPR179, RGS11/GB5/R9AP,
RGS11/GB5/GPR179) where RGS7, RGS11 and R9AP, GPR179
are interchangeable. Contrary to this expectation, the results of
this study, together with a wealth of previously accumulated ev-
idence (Gregg et al., 2014), led us to propose a different model
where the GAP complex in ON-BC adopts a distinct unitary con-
figuration (Fig. 8). In this model, each RGS protein is bound
directly to only one cognate anchor: GPR179 binds with the
RGS7/Gf35 complex via its conserved RGS binding sequence, and
the RGS11/GB5 complex binds to ROAP. Our genetic experi-
ments show that, even when both RGS7 and R9AP subunits are
eliminated, RGS11 does not complex with a G35/GPR179, show-
ing that interchangeability and competition between individual
RGS subunits do not occur in vivo. Even though RGS11 can di-
rectly associate with GPR179 in vitro, this binding does not pro-
vide proteolytic protection to the complex; thus, it is likely
eliminated in native ON-BCs. In contrast, RGS11 complexes with
RIAP and Gf35 are stable and therefore are selectively expressed.
Strikingly, the components of the distinct complexes are further
integrated by the direct interaction between RO9AP and GPR179
that involves cytoplasmic domains of the proteins, thereby lead-
ing to a distinct GPR179-RGS7-R9AP-RGS11 supramolecular
assembly.

This model raises the question as to the significance of this
particular complex organization. We know that RGS7 and
RGSI11 are redundant, and elimination of either protein alone is
not sufficient to cause substantial alteration of signaling. Yet, the
entire complex ultimately depends on GPR179 for its function.
We think that this arrangement may reflect the need for the GAP
complex to be targeted to the correct subcellular compartment.
Indeed, the mGluR6 cascade is highly restricted to the dendritic
tips of ON-BCs (Gregg et al., 2014), and its regulation likely
requires that the GAP complex is present at the same domain.
Consistent with this idea, GPR179 appears to contain elements
that target it to the tips of ON-BC dendrites, whereas other ele-
ments of the GAP complex do not (Gregg et al., 2014; Ray et al.,
2014). Furthermore, GPR179 may additionally integrate into the
cascade by forming physical complexes with mGluR6 and
TRPM1 (Orlandi et al., 2013; Ray et al., 2014). By making ROAP
targeting dependent on GPR179, the cascade ensures that all of
the elements involved in Gao deactivation are present in the
same place at the same time and with the correct stoichiometry.
This organization appears to be distinct from rod photoreceptors
that contain a similar GAP complex composed of RGS9-1, Gf35,
and R9AP. This GAP complex is targeted to the relevant photo-
receptor compartment by R9AP, which contains intrinsic ele-
ments that guide its trafficking in this cell type (Pearring et al.,
2014). Thus, the integrated arrangement of the GAP complex
components in the ON-BCs may facilitate spatiotemporal regu-
lation of the mGluR6 cascade to ensure timely and reliable gen-
eration of the light response.

Sarria, Orlandi et al. @ Configuration of the GAP Complex in ON-Bipolar Neurons
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